OFFICE  OF  NAVAL  RESEARCH 


GRANT  or  CONTRACT:  N00014-91 J-0201 

R&TCODE:  4133032 
Richard  Carlin 

TECHNICAL  REPORT  NO.  9 

"Template  Synthesis  of  Nanoparticles  in  Nanoporous  Membranes” 

by  John  C.  Hulteen  and  Charles  R.  Martin 

Prepared  for  Publication 
in 

J.  Fendler,  Ed.:  Nanoparticles  in  Solids  and  Solutions 


Colorado  State  University 
Department  of  Chemistry 
Fort  Collins,  CO  80523-1872 

December  29,  1997 


Reproduction  in  whole,  or  in  part,  is  permitted  for  any  purpose  of  the 
United  States  Government. 

This  document  has  been  approved  for  public  release  and  sale;  its 
distribution  is  unlimited. 

046  DJSPBUTBD  9 


REPORT  DOCUMENTATION  PAGE 


2.  December  29,  1997 

3.  Interim  report 

4.  "Template  Synthesis  of  Nanoparticles  in  Nanoporous  Membranes” 

5.  GRANT:  N00014-91J-0201,  R&T  CODE:  4133032 

6.  J.  C.  Huiteen  and  C.  R.  Martin 

7.  Charies  R.  Martin,  Department  of  Chemistry,  Colorado  State  University,  Fort  Coliins, 
CO  80523-1872 

8.  TECHNICAL  REPORT  NO.  9 

9.  Office  of  Naval  Research,  Chemistry  Division,  800  North  Quincy  Street,  Ariington, 

VA  22217-5660 

11.  To  be  pubiished  in  J.  Fendier,  Ed.:  Nanoparticies  in  Soiids  and  Soiutions 

12.  Reproduction  in  whoie  or  in  part  is  permitted  for  any  purpose  of  the  United 
States  Government.  This  document  has  been  approved  for  public  release  and 
sale;  its  distribution  is  unlimited. 

13.  Abstract:  Many  methods  for  the  fabrication  of  nanoparticies  have  been 
developed  ranging  from  lithographic  techniques  to  chemical  methods.  This 
research  group  has  been  exploring  a  fabrication  method  termed  template 
synthesis  for  the  preparation  of  a  variety  micro-  and  nanomaterials.  This 
process  involves  synthesizing  a  desired  material  within  the  pores  of  a  porous 
membrane.  Because  the  membranes  that  are  used  have  cylindrical  pores  of 
uniform  diameter,  a  nanocylinder  of  the  desired  material  is  obtained  in  each  pore. 
Depending  on  the  properties  of  the  material  and  the  chemistry  of  the  pore  wall, 
this  nanocylinder  may  be  solid  (a  nanofibril)  or  hollow  (a  nanotubule). 

The  intent  of  this  chapter  is  to  provide  an  overview  of  the  template  method.  We 
will  start  with  a  brief  description  of  the  types  of  membranes  used  for  template 
synthesis.  Next,  the  different  types  of  chemistries  that  have  been  used  to 
prepare  template  synthesized  nanostructures  will  be  reviewed.  Finally,  we  will 
discuss  fundamental  properties  and  applications  of  template  synthesized  metal 
and  semiconductor  nanostructures.  While  there  has  been  a  significant  amount  of 


research  in  the  area  of  template  synthesis  of  conductive  polymer  nanostructures, 
this  has  been  recently  reviewed  elsewhere. 

14.  Subject  terms;  Nanomaterials,  template  synthesis,  nanostructures. 


17.  18.  19.  Unclassified 


Submitted  to 

Fender:  Nanoporticles  in  Solids  and  Solutions 


TEMPLATE  SYNTHESIS  OF  NANOPARTICLES 
IN  NANOPOROUS  MEMBRANES 


John  C.  Hulteen  and  Charles  R  Martin* 
Department  of  Chemistry 
Colorado  State  University 
Fort  Collins,  CO  80523 


♦corresponding  author.  Via  email  at  crmartin@lamar.colostate.edu 


1 


CONTENTS 


1.  INTRODUCTION 

2.  MEMBRANES  USED 

2.1.  "Track-etch" 

2.2.  Porous  Alumina 

2.3 .  Other  Nanoporous  Materials 

3.  TEMPLATE  SYNTHETIC  STRATEGIES 

3.1.  Electrochemical  Deposition 

3.2.  Electroless  Deposition 

3.3.  Chemical  Polymerization 

3.4.  Sol-Gel  Deposition 

3.5.  Chemical  Vapor  Deposition 

4.  COMPOSITE  NANOSTRUCTURES 

5.  OPTICAL  PROPERTIES  OF  GOLD  NANOPARTICLES 

5.1.  Fabrication 

5.2.  Structural  Characterization 

5.3.  Optical  Characterization 

6.  NANOELECTRODE  ENSEMBLES 

6.1.  Fabrication 

6.2.  Current  Response  of  the  NEE 

6.3.  Detection  Limits 

7.  METAL  NANOTUBULE  MEMBRANES 

7.1.  Fabrication 

7.2.  Ion-Selective  Membranes 

8.  SEMICONDUCTOR  TUBULES  AND  FIBRILS 

8.1.  Structural  Characterization 

8.2.  Photocatalysis 

9.  CONCLUSIONS 

10.  ACKNOWLEDGMENTS 

11.  REFERENCES 


2 


1.  INTRODUCTION 

Many  methods  for  the  fabrication  of  nanoparticles  have  been  developed 
ranging  from  Uthographic  techniques  to  chemical  methods.[l,2]  This  research 
group  has  been  exploring  a  fabrication  method  termed  template  synthesis  for  the 
preparation  of  a  variety  micro-  and  nanomaterials.[3-30]  This  process  mvolves 
synthesizing  a  desired  material  within  the  pores  of  a  porous  membrane.  Because 
the  membranes  that  are  used  have  cylindrical  pores  of  uniform  diameter,  a 
nanocylinder  of  the  desired  material  is  obtained  in  each  pore.  Depending  on  the 
properties  of  the  material  and  the  chemistry  of  the  pore  waU,  this  nanocylmder  may 

be  solid  (a  nanofibril)  or  hollow  (a  nanotubule). 

The  template  method  has  a  number  of  interesting  and  useful  features.  First, 
it  is  very  general  with  respect  to  the  types  of  materials  prepared.  We  have  used 
this  method  to  prepare  both  nanotubules  and  nanofibrils  composed  of  conductive 
polymers  [3-13],  metals  [14-25],  semiconductors  [26,27],  carbon  [28-30]  and 
other  materials.  Tubular  and  fibrilar  nanostructures  with  extremely  small  diameters 
can  be  prepared.  For  example,  conductive  polymer  nanowires  with  diameters  as 
small  as  3  run  have  been  prepared  using  this  method.  [31]  It  is  difficult  to  make 
nanowires  with  diameters  this  small  by  lithographic  methods.  In  addition,  because 
the  pores  in  these  membranes  have  monodisperse  diameters,  analogous 
monodisperse  nanostructures  are  obtained.  Finally,  the  tubular  or  fibnllar 
nanostructures  synthesized  within  the  pores  can  be  freed  from  the  template 
membrane  and  collected.  Alternatively,  an  ensemble  of  micro-  or  nanostructures 
that  protrude  from  a  surface  like  the  bristles  of  a  brush  can  be  obtained. 

The  intent  of  this  chapter  is  to  provide  an  overview  of  the  template 

method.  We  will  start  with  a  brief  description  of  the  types  of  membranes  used  for 

template  synthesis.  Next,  the  different  types  of  chemistries  that  have  been  used  to 

prepare  template  synthesized  nanostructures  will  be  reviewed.  Finally,  we  will 
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discuss  fundamental  properties  and  applications  of  template  synthesized  metal  and 
semiconductor  nanostructures.  While  there  has  been  a  significant  amount  of 
research  in  the  area  of  template  synthesis  of  conductive  polymer  nanostructures, 
this  has  been  recently  reviewed  elsewhere.[32,33] 

2.  MEMBRANES  USED 

Most  of  the  work  in  template  S3mthesis,  to  date,  has  entailed  the  use  of  two 
types  of  nanoporous  membranes,  “track-etch”  polymeric  membranes  and  porous 
alumina  membranes.  However,  there  are  a  variety  of  other  templates  that  could  be 
utilized. 

2.1.  "Track-etch" 

A  number  of  companies  (such  as  Nucleopore  and  Poretics)  sell 
microporous  and  nanoporous  polymeric  filtration  membranes  that  have  been 
prepared  by  the  track-etch  method.[34]  This  method  entails  bombarding  a 
nonporous  sheet  of  the  desired  material  (standard  thickness  range  from  6  to  20 
pm)  with  nuclear  fission  fi'agments  to  create  damage  tracks  in  the  material,  and 
then  chemically  etching  these  tracks  into  pores.  The  resulting  membranes  contain 
randomly  distributed  cylindrical  pores  of  uniform  diameter.  Figure  1(A,B).  The 
commercial  membranes  are  available  with  pore  diameters  as  small  as  10  nm  (pore 
density  approximately  lO’  pores  per  square  centimeter).  These  commercial 
membranes  are  prepared  fi’om  polycarbonate  or  polyester;  however,  a  number  of 
other  materials  are  also  amenable  to  the  track-etch  process.[34] 

Due  to  the  random  nature  of  the  pore-production  process,  the  angle  of  the 

pores  with  respect  to  the  surface  normal  can  be  as  large  as  34°.  [3  5]  Therefore, 

depending  on  the  specific  pore  diameter  and  pore  density  of  the  track-etched 

membrane,  a  number  of  pores  may  actually  intersect  within  the  membrane.  This  is 

a  problem  when  theoretically  modeling  the  optical  properties  of  template 
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synthesized  nanometals,  a  topic  of  great  interest  to  our  group.[18-20]  For 
example,  theory  predicts  a  specific  wavelength  maximum  in  the  absorption  band  of 
isolated  metal  nanoparticles.  [18-20]  However,  physical  contact  between  the  metal 
nanoparticles  synthesized  within  the  pores  can  shift  this  absorption  maximum  by 
200  nm  or  more.[36] 

2.2.  Porous  Alumina 

Porous  alumina  membranes  are  prepared  via  the  anodization  of  A1  metal  in 
an  acidic  solution. [37]  These  membranes  contain  cylindrical  pores  of  uniform 
diameter  arranged  in  a  hexagonal  array.  Figure  1(C,D).  However,  unlike  the 
track-etch  membranes,  the  pores  in  these  membranes  have  little  or  no  tilt  with 
respect  to  the  surface  normal  resulting  in  an  isolating,  non-connecting  pore 
structure.  Although  such  membranes  are  sold  commercially  (Whatman),  a  very 
limited  number  of  pore  diameters  are  available.  We  have,  however,  prepared 
membranes  of  this  type  with  a  broad  range  of  pore  diameters.  [18,20]  We  have 
made  membranes  with  pore  diameters  as  large  as  200  nm  and  as  small  as  5  nm,  and 
we  believe  that  even  smaller  pores  can  be  prepared.  Pore  densities  as  high  as  lO” 
pores  per  square  centimeter  can  be  achieved,[38]  and  typical  membrane  thickness 
can  range  fi-om  10  to  100  pm.  The  higher  pore  density  is  important  if  one  wanted 
to  mass-produce  a  nanomaterial  by  the  template  method.  Membranes  with  high 
pore  density  would  allow  a  greater  number  of  nanostructures  to  be  produced  per 
unit  area  of  template  membrane. 

2.3 .  Other  Nanoporous  Materials 

Tonucci  et  al.  have  recently  described  a  nanochannel  array  glass  with  pore 

diameters  as  small  as  33  nm  and  pore  densities  as  high  as  3  x  10  pores  cm  .[39] 

Beck  et  al  have  prepared  a  new  class  of  mesoporous  zeolites  with  large  pore 

diameters.  [40]  Douglas  et  al  have  shown  that  the  nanoscopic  pores  in  a  protein 

derived  from  a  bacterium  can  be  used  to  transfer  an  image  of  these  pores  to  an 
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underlying  substrate.  [41]  Ghadiri  et  al  have  prepared  arrays  of  polypeptide 
tubules.[42]  Finally,  both  Ozin  [1]  and  Schollhom  [43]  have  discussed  a  wide 
variety  of  nanoporous  solids  that  could  be  used  as  template  materials. 

3.  TEMPLATE  SYNTHETIC  SHRATEGIES 

The  limits  to  which  materials  can  be  used  in  template  synthesis  are  defined 
by  the  chemistry  required  to  synthesize  the  material.  Nearly  any  material  can  in 
principle  be  synthesized  within  these  nanoporous  membranes  provided  a  suitable 
chemical  pathway  can  be  developed.  T3q)ical  concerns  that  need  to  be  addressed 
when  developing  new  template  synthetic  methods  include  the  following:  1)  will 
the  precursor  solutions  used  to  prepare  the  material  "wet"  the  pore  (/.e., 
hydrophobic/hydrophilic  considerations);  2)  wiU  the  deposition  reaction  proceed 
too  fast  resulting  in  pore  blockage  at  the  membrane  surface  before  tubule/fiber 
growth  can  occur  within  the  pores;  3)  will  the  host  membrane  be  stable  (is,, 
thermally  and  chemically)  with  respect  to  the  reaction  conditions.  The  following  is 
a  general  outline  of  five  representative  chemical  strategies  that  have  been  used  in 
our  laboratory  to  conduct  template  synthesis  within  the  alumina  and  polymeric 
template  membranes. 

3.1.  Electrochemical  Deposition 

Electrochemical  deposition  of  a  material  within  the  pores  is  accomplished 
by  coating  one  face  of  the  membrane  with  a  metal  film  (usually  via  either  ion 
sputtering  or  thermal  evaporation)  and  using  this  metal  film  as  a  cathode  for 
electroplating.  [17-22,44,45]  This  method  has  been  used  to  prepare  a  variety  of 
metal  nanowires  including  copper,  platinum,  gold,  silver,  and  nickel  in  both  track- 
etch  and  alumina  templates.  Typical  gold  nanowires  are  shown  in  Figure  2(A). 
The  lengths  of  these  nanowires  can  be  controlled  by  varying  the  amount  of  metal 

deposited.  By  depositing  a  small  amount  of  metal,  short  wires  can  be  obtained; 
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alternatively,  by  depositing  large  quantities  of  metal,  long  needle-like  wires  can  be 
prepared.  [18-20]  This  ability  to  control  the  length  or  aspect  ratio  (length  to 
diameter)  of  the  metal  nanowires  is  especially  important  m  our  optical 
investigations  because  the  optical  properties  of  nanometals  are  dependent  on 
aspect  ratio.  [18-20,24] 

Hollow  metal  tubules  can  also  be  prepared  via  this  method.  Figure 
2(B).  [17,22]  To  obtain  tubules,  one  must  typically  chemically  derivatize  the  pore 
walls  so  that  the  electrodeposited  metal  preferentially  deposits  on  the  pore  wall; 
that  is,  a  molecular  anchor  must  be  applied.  For  example,  gold  tubules  have  been 
prepared  by  attaching  a  cyanosilane  to  the  walls  of  the  alumina  template  membrane 
prior  to  metal  depositions.[17,22,46]  Due  to  the  large  number  of  commercially 
available  silanes,  tWs  method  can  provide  a  general  route  for  tailoring  the  pore 
walls  in  the  alumina  membranes. 

Electrochemical  deposition  can  also  be  used  to  synthesize  conductive 
polymers  (such  as  polypyrrole,  polyaniline,  or  poly(3-methylthiophene))  within  the 
pores  of  these  template  membranes.[10,13]  When  these  polymers  are  synthesized 
within  the  pores  of  track-etched  polycarbonate  membranes,  the  polymer 
preferentially  nucleates  and  grows  on  the  pore  walls  resulting  in  polymeric  tubules 
at  short  polymerization  times.  Figure  2(C).  By  controUing  the  polymerization 
time,  we  can  produce  thin-walled  tubules,  thick-walled  tubules  or  solid  fibrils. 

The  reason  that  the  polymer  preferentially  nucleates  and  grows  on  the  pore 
walls  is  straightforward.  [8]  Although  the  monomers  are  soluble,  the  polycationic 
forms  of  these  polymers  are  completely  insoluble.  Hence,  there  is  a  solvophobic 
component  to  the  interaction  between  the  poljnner  and  the  pore  wall.  There  is  also 
an  electrostatic  component  because  the  polymers  are  cationic  and  there  are  anionic 
sites  on  the  pore  walls.[8] 

3.2.  Electroless  Depoation 
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Electroless  metal  deposition  involves  the  use  of  a  chemical  reducing  agent 
to  plate  a  metal  from  solution  onto  a  surface.  [47]  This  method  differs  from 
electrochemical  deposition  in  that  the  surface  to  be  coated  need  not  be 
electronically  conductive.  We  have  developed  methods  by  which  Au  and  other 
metals  can  be  plated  from  solution  onto  the  surfaces  of  both  the  plastic  and 
alumina  membranes.  [15]  This  method  involves  applying  a  sensitizer  (typically 
to  the  membrane  sur&ces  (pore  walls  and  faces).  The  sensitizer  binds  to  the 
surfaces  via  complexation  with  surface  amine,  carbonyl,  and  hydroxyl  groups. 
This  sensitized  membrane  is  then  activated  by  exposure  to  Ag""  resulting  in  the 
formation  of  discrete  nanoscopic  Ag  particles  on  the  membrane’s  surfaces.  Finally, 
the  Ag-coated  membrane  is  immersed  into  a  Au  plating  bath  containing  Au(I)  and 
a  reducing  agent,  which  results  in  Au  plating  on  the  membrane  faces  and  pore 
walls. 

The  key  feature  of  the  electroless  deposition  process  is  that  metal 
deposition  in  the  pores  starts  at  the  pore  wall.  Therefore,  after  short  deposition 
times,  a  hollow  metal  tubule  (Figure  3)  is  obtained  within  each  pore  while  long 
deposition  times  result  in  solid  metal  nanowires.  Unlike  the  electrochemical 
deposition  method  where  the  length  of  the  metal  nanowire  can  be  controlled  at 
will,  electroless  deposition  yields  structures  that  run  the  complete  thickness  of  the 
template  membrane.  However,  the  inside  diameter  of  the  tubules  formed  via 
electroless  deposition  can  be  controlled  at  will  by  varying  the  metal  deposition 
time.  [15, 16]  Of  course  the  outside  diameter  is  determined  by  the  diameter  of  the 
pores  in  the  template  membrane. 

3.3.  Chemical  Polymerization 

Chemical  template  synthesis  of  a  polymer  can  be  accomplished  by  simply 

immersing  the  membrane  into  a  solution  containing  the  desired  monomer  and  a 

polymerization  reagent.  This  process  has  been  used  to  synthesize  a  variety  of 
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conductive  polymers  within  the  pores  of  various  template  membranes.  [6,9,48,49] 
As  with  electrochemical  polymerization,  the  polymer  preferentiaUy  nucleates  and 
grows  on  the  pore  walls  resulting  in  tubules  at  short  deposition  times  and  fibers  at 

long  times. 

Conventional  (electronically  insulating)  plastics  can  also  be  chemically 
synthesized  within  the  pores  of  these  template  membranes.  For  example, 
polyacrylonitrile  tubules  can  be  prepared  by  immersing  an  alumina  template 
membrane  into  a  solution  contaning  acrylonitrile  and  a  polymerization 
initiator.[28,29]  The  inside  diameter  of  the  resulting  polyacrylonitrile  (PAN) 
tubules  is  varied  by  controlling  the  time  the  membrane  remains  in  the 
polymerization  bath.  These  PAN  tubules  have  been  further  processed  to  create 
conducting  graphitic  carbon  tubules  and  fibrils  in  alumina  membranes.  Figure 
4.[28,29]  This  is  accomplished  by  heating  the  PAN  tubules/alumina  membrane 
composite  to  700  °C  under  argon  flow  or  under  vacuum. 

3.4.  Sol-Gel  Deposition 

Sol-gel  chemistry  typically  involves  hydrolysis  of  a  solution  of  a  precursor 
molecule  to  obtain  first  a  suspension  of  colloidal  particles  (the  sol)  and  then  a  gel 
composed  of  aggregated  sol  particles.  The  gel  is  then  thermally  treated  to  yield 
the  desired  product.  We  have  recently  conducted  various  sol-gel  syntheses  within 
the  pores  of  the  alumina  membranes  to  create  both  tubules  and  fibers  of  a  variety 
of  inorganic  semiconducting  materials  including  Ti02,  ZnO  and  W03.[26]  First,  an 
alumina  template  membrane  is  immersed  into  a  sol  for  a  given  period  of  time,  and 
the  sol  deposits  on  the  pore  walls.  After  thermal  treatment,  either  a  tubule  or  fibril 
of  the  desired  semiconductor  is  formed  within  the  pores.  Figure  5.  As  vdth  other 
template  synthesis  techniques,  longer  immersion  times  yield  fibers  while  brief 
immersion  times  produce  tubules. 

The  formation  of  tubules  after  short  immersion  times  indicates  that  the  sol 
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particles  adsorb  to  the  alumina  membrane's  pore  walls.  This  is  expected  because 
the  pore  walls  are  negatively  charged  while  the  sol  particles  used  to  date  [26]  are 
positively  charged  (a  sunilar  situation  to  what  was  described  for  conductive 
polymers).  It  has  also  been  found  that  the  rate  of  gelation  is  fester  within  the  pore 
than  in  bulk  solution.  [26]  This  is  most  likely  due  to  the  enhancement  in  the  local 
concentration  of  the  sol  particles  due  to  adsorption  on  the  pore  walls. 

3.5.  Chemical  Vapor  Deposition 

A  major  hurdle  in  applying  chemical  vapor  deposition  (CVD)  techniques  to 
template  synthesis  has  been  that  deposition  rates  are  often  too  fast.  As  a  result, 
the  surface  of  the  pores  becomes  blocked  before  the  chemical  vapor  can  transverse 
the  length  of  the  pore.  We  have,  however,  developed  two  template-based  CVD 
syntheses  that  circumvent  this  problem.  The  first  entails  the  CVD  of  carbon  within 
porous  alumina  membranes  which  has  been  achieved  by  our  group  [30]  and 
others.[50]  This  involves  placing  an  alumina  membranes  in  a  high  temperature 
furnace  (~  700  ®C)  and  passing  a  gas  such  as  ethylene  or  propylene  through  the 
membrane.  Thermal  decomposition  of  the  gas  occurs  throughout  the  pores 
resulting  in  the  deposition  of  carbon  films  along  the  length  of  the  pore  walls  (i.e., 
carbon  tubules  are  obtained  within  the  pores).  The  thickness  of  the  walls  of  the 
carbon  tubes  is  again  dependent  on  total  reaction  time  and  precursor  pressure. 

The  second  CVD  technique  utilizes  a  template  synthesized  structure  as  a 

substrate  for  CVD  deposition.  [51]  For  example,  we  have  used  a  CVD  method  to 

coat  an  ensemble  of  Au  nanotubules  with  concentric  TiS2  outer  nanotubules.  The 

first  step  of  this  process  requires  the  electroless  plating  of  Au  tubules  or  fibrils  into 

the  pores  of  a  template  membrane.  The  Au  surface  layer  is  removed  from  one  face 

of  the  plated  membrane,  and  the  membrane  is  dissolved  away.  The  resulting 

structure  is  an  ensemble  of  Au  tubules  or  fibrils  protruding  from  the  remaining  Au 

surface  layer  like  the  bristles  of  a  brush.  Figure  6(A).  This  structure  is  exposed  to 
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the  precursor  gases  used  to  do  CVD  synthesis  of  TiSt.  As  indicated  in  Fig.  6(B) 
the  Au  tubules  become  coated  with  outer  TiSa  tubules. 

4.  COMPOSITE  NANOSTRUCTURES 

We  have  shown  that  a  large  number  of  different  chemical  techniques  can  be 
used  to  prepare  tubules  or  fibrils  that  are  composed  of  a  single  material.  However, 
one  could  imagine  a  host  of  applications  where  composite  tubular  nanostructures 
would  be  necessary.  Examples  might  include  concentric  nanocapacitor  or 
nanobattery  tubules.  We  have  recently  developed  chemical  strategies  for  preparmg 
such  concentric  tubular  nanostructures.  [51]  These  composites  have  very  high 
interfacial  surface  areas  between  concentric  layers  of  materials.  High  interfacial 
areas  are  obtained  because  the  interfaces  are  parallel  to  the  long  axis  of  the 
composite  tubular  nanostructure. 

The  fabrication  of  a  semiconductor/conductor  tubular  nanocomposite  will 
introduce  this  concept  of  sequential  tubular  synthesis.  [51]  This  composite  was 
prepared  in  a  60  pm  thick  alumina  template  membrane  with  200  nm  diameter 
pores.  First,  Ti02  tubules  are  synthesized  within  the  pores  of  the  alumina 
membrane  via  the  sol-gel  process  discussed  above.  Figure  7(A).  After  thermal 
treatment  of  the  Ti02  tubules,  conductive  polypyrrole  nanowires  were  grown  using 
the  chemical  polymerization  method  inside  the  semiconductor  tubules.  Fig.  7(B). 

Ti02  is  a  promising  material  for  photoelectrochemical  energy  production, 

and  it  has  been  shown  that  high  surface  area  TiCb  has  a  higher  photo 

efficiency.[52]  Therefore,  these  Ti02/polypyrrole  nanocomposites  should  be 

excellent  photocatalysts  because  these  template  synthesized  structures  have  very 

Mgh  surface  area.  One  problem  in  using  high  surface  area  Ti02  as  a  photocatalyst 

is  the  low  electrical  conductivity  of  the  material.  However,  this  tubular 

nanocomposite  structure  should  solve  this  problem  because  each  Ti02  tubule  has 
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its  own  current  collecting  electrode  inside. 

Another  method  for  the  construction  of  a  two-component  concentric 
composite  has  already  been  described  in  the  CVD  synthetic  methods  section,  sec. 
3.5.,  Fig  6.[51]  Au  tubules  are  electrolessly  synthesized  witWn  the  template 
membrane  pores.  The  membrane  is  dissolved  away,  and  a  thin  film  of  TiS:  is 
sjmthesized  on  the  surface  of  the  Au  tubules  via  CVD.  TiS2  is  a  Li  -intercalation 
material  for  Li-based  rechargeable  batteries.  We  have  recently  shown  that 
template  synthesized  Lf-intercalating  materials  can  provide  higher  discharge 
capacities  than  conventional  electrodes  made  fi'om  the  same  material. [53]  As  with 
the  photoconductor  materials,  many  Lr-intercalation  materials  have  low  electrical 
conductivities.  However,  the  current-collecting  Au  electrode  inside  each  TiS2 
tubule  should  again  solve  this  problem.  We  have  shown  that  the  TiS2/polypyrrole 
composite  nanostructures  reversibly  intercalate  and  deintercalate  L^,  and  we  are 
currently  investigating  the  charge/discharge  kinetics  and  capacities  of  these  tubular 
composite  battery  electrode  materials. 

An  alternative  set  of  chemistries  was  used  to  fabricate  a 

conductorrinsulator/conductor  composite  consisting  of 

carbon/polyacrylonitrile/gold  concentric  tubules,  Figure  8.[51]  Initially, 

polyacrylonitrile  (PAN)  tubules  were  chemically  polymerized  within  the  pores  of 

an  alumina  membrane  followed  by  thermal  carbonization  resulting  in  conductive 

carbon  tubules.  Fig.  8(B).  The  PAN  polymerization  step  was  then  repeated 

creating  insulating  PAN  tubules  within  the  carbon  tubules.  Fig.  8(C).  A  Au  film 

was  then  sputtered  onto  one  face  of  the  membrane.  Using  this  film,  Au  nanowires 

were  electroplated  within  the  inner  PAN  tubules  resulting  in  the  desired  concentric 

tubular  C/PAN/Au  composite  structures.  Fig.  8(D).  We  are  currently  using  this 

synthetic  strategy  and  others  to  prepare  ensembles  of  nanocapacitors,  where  all  of 

the  capacitors  are  connected  in  parallel  fi’om  the  surfaces  of  the  template 
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membrane.  This  wiU  require  that  aU  of  the  electronicaUy  conduaive  outer  tubules 
be  electronically  insulated  from  the  conductive  inner  nanowires. 

Finally,  self-assembly  chemistry  [54]  can  also  be  used  as  a  synthetic  step  to 
prepare  tubular  composites.  For  example,  Au  tubules  were  synthesized  within  the 
1  urn  pores  of  a  polycarbonate  template  membrane  via  the  electroless  deposition 
method.  The  inside  diameter  of  these  tubules  was  ca.  500  nm,  and  the  length  of 
the  tubules  was  1.0  pm.  The  Au  tubule  containing  membrane  was  then  immersed 
in  a  solution  of  hexadecyl  thiol  causing  the  thiol  to  self-assemble  onto  the  inner 
surfaces  of  the  Au  tubules.  The  template  membrane  was  dissolved  away  and  the 

freed  tubules  were  collected  by  filtration. 

When  these  Au/thiol  tubules  were  placed  in  water,  they  floated  at  the 
air/water  interface  due  to  the  presence  of  the  hydrophobic  thiol  on  the  inside  of  the 
tubule.  In  contrast,  tubules  that  were  not  treated  with  the  thiol  filled  with  water 
and  sank.  [51]  Because  self-assembly  provides  a  general  way  to  apply  a  large 
number  of  different  chemical  functionalities  to  the  inner  (and  outer)  surfaces  of 
such  tubules,  composite  tubules  with  diverse  inner  and  outer  chemistries  should  be 

possible. 

These  have  been  just  a  few  examples  of  the  types  of  composite  structures 
that  can  be  fabricated  with  template  synthesis.  Composites  composed  of  a  variety 
of  different  conducting,  insulating,  semiconducting,  photoconducting  and 
electroactive  materials  have  been  prepared.  The  limits  as  to  how  many  different 
components  each  composite  can  contmn  is  limited  only  by  the  initial  diameter  of 
the  template  pore  and  the  rate  of  material  deposition. 

5.  OPTICAL  PROPERTIES  OF  GOLD  NANOPARTICLES 

We  [18-20]  and  others  [38,55]  have  been  investigating  the  properties  of 

nano  metals  prepared  within  the  pores  of  alumina  membranes.  Through 
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confinement  of  metals  to  a  nano-sized  dimension,  a  variety  of  changes  occur  in  the 
optical  [18-20,55],  electronic  [56]  and  magnetic  [38,57]  properties.  The  first 
demonstration  of  template  synthesis  for  the  creation  of  nanometal  fibrils  was  by 
Possin  in  1970.  [58]  Earlier  work  in  which  nanometals  were  used  to  color  alumina 
is  also  of  interest.  [5  9]  Nanometal-containing  membranes  of  this  type  have  also 
been  used  as  selective  solar  absorbers.  [60]  Finally,  magnetic  metals  have  been 
deposited  within  the  pores  of  such  membranes  to  make  vertical  magnetic  recording 
media.  [61] 

This  research  group  [18-20]  and  others  [55]  have  been  primarily  interested 
in  the  fundamental  optical  properties  of  nano-cylinders  of  Au  imbedded  into 
alumina  membranes.  The  colors  of  colloidal  suspensions  of  Au  can  range  fi-om  red 
to  purple  to  blue  depending  on  the  diameter  of  the  particle  [62],  and  we  have  been 
able  to  demonstrate  analogous  colors  for  Au  particles  electroplated  into  the 
alumina  template  membrane.  [18-20]  These  colors  result  fi’om  shape  induced 
changes  in  the  plasmon  resonance  band  of  the  Au  nanoparticle  which  corresponds 
to  the  wavelength  of  light  that  induces  the  largest  electric  field  on  the 
nanoparticles. 

5.1.  Fabrication 

The  Au  nanoparticles  are  prepared  using  the  electrodeposition  method 

discussed  above,  Figure  9.  [18-20]  First,  Ag  is  deposited  onto  one  face  of  an 

alumina  template  membrane  to  provide  a  conductive  film  for  electrodeposition. 

Fig.  9(A).  The  membrane  is  placed  Ag  film  side  down  on  a  glass  plate  and 

covered  with  a  Ag  plating  solution.  Then,  short  Ag  “plugs”  or  “posts”  are 

electrochemically  grown  into  the  pores.  Fig.  9(B).  These  Ag  nano-posts  are  used 

as  foundations  onto  which  the  Au  nanoparticles  are  electrochemically  grown.  Fig. 

9(C).  Finally,  the  Ag  foundations  are  removed  with  a  nitric  add  wash  resulting  in 

an  array  of  Au  nanoparticles  imbedded  within  the  pores  of  the  alumina  membrane, 
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Fig.  9(D). 

5.2.  Structural  Characterization 

The  diameter  of  the  electroplated  Au  nanoparticles  is  equivalent  to  the  pore 
diameter  of  the  alumina  template  membrane.  Thus,  Au  nanoparticles  with  different 
diameters  can  be  fabricated  in  alumina  membranes  containing  different  pore 
diameters.  The  aspect  ratio  is  controlled  by  changing  the  amount  of  Au 
electrochemically  deposited  into  the  pores.  However,  we  have  found  that  it  is  not 
possible  to  quantitatively  predict  the  aspect  ratio  of  the  Au  nanoparticles  because 
the  plating  current  efficiency  varies  from  membrane  to  membrane.[24]  Hence,  it  is 
not  possible  to  calculate  the  aspect  ratio  of  the  Au  nanoparticle  obtained  from  the 
known  quantity  of  Au  deposited  and  the  pore  diameter  and  density.  Therefore, 
transmission  electron  microscopy  (JEM)  analysis  of  the  Au  nanoparticles 
synthesized  in  each  membrane  is  necessary  to  determine  the  lengths  (and  aspect 
ratios)  of  the  nanoparticles.  [24]  A  TEM  image  of  a  transverse  section  of  a  Au 
nanoparticle/alumina  composite  is  shown  in  Fig.  2(A).  When  different  amounts  of 
Au  is  electrodeposited  within  the  pores  of  the  template  membrane,  we  can  produce 
Au  nanoparticle  shapes  that  are  prolate,  spheroid  or  oblate.  [24] 

5.3.  Optical  Characterization 

The  differences  in  the  shapes  of  the  Au  nanoparticles  result  in  changes  in 

the  optical  absorption  properties  of  the  composite.[l 8-20,24]  Such  changes  are 

clearly  visible  as  a  membrane's  color  can  vary  from  a  bright  red  to  deep  blue  to 

turquoise  depending  on  the  particle  shape.  [18-20,24]  The  alumina  membranes  are 

optically  transparent,  so  the  colors  are  predominantly  due  to  the  Au  nanoparticles. 

It  should  also  be  noted  that  the  parallel  orientation  of  the  pores  in  the  alumina 

membrane  confines  the  Au  particles  to  a  single  dimensional  alignment. 

Correspondingly,  there  is  no  ambiguity  in  particle  orientation  which  is  a  necessary 

feature  for  theoretical  modeling  of  the  absorption  spectrum. 
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Figure  10  shows  the  experimental  absorption  spectra  for  a  variety  of  Au 
nanoparticle/alumina  composites.  The  Au  particle  aspect  ratio  Oength/diameter) 
varies  from  7.7  to  0.38,  and  the  diameter  of  each  Au  particle  is  constant  at  ca.  52 
nm.  The  reduction  in  absorption  intensity  with  decreasing  aspect  ratio  is  expected 
due  to  the  decrease  in  the  metal  volume  fraction  of  the  composites.  The  shift  in 
the  absorption  maximum  from  518  nm  (aspect  ratio  =  7.7)  to  738  nm  (aspect  ratio 
=  0.38)  is  predicted  from  simulated  spectra  obtained  using  a  dynamic  Maxwell- 
Gamett  theory.  [24] 

This  review  shows  that  the  template  method  can  be  used  to  fabricate  Au 
nanoparticles  with  various  diameters  and  aspect  ratios.  Shifts  in  the  absorption 
maximum  and  changes  in  the  absorption  intensity  of  the  Au  nanoparticle/alumina 
composites  has  been  studied  as  a  function  of  particle  diameter  and  aspect  ratio. 
Current  work  involves  determining  the  effects  of  heating  the  Au 
nanoparticle/alumina  composite.  Changes  in  the  Au  nanoparticles  aspect  ratios, 
optical  properties  and  crystal  structure  have  been  observed. 

6.  NANOELECTRODE  ENSEMBLES 

One  very  exciting  application  of  template  synthesis  is  in  the  area  of 
electrochemistry.  Nanoelectrodes  offer  opportunities  to  do  electrochemistry  in 
highly-resistive  media  [63,64]  and  to  investigate  the  kinetics  of  redox  processes 
that  are  too  fast  to  measure  at  conventional  macroscopic  electrodes.  [65-68]  (By 
macroscopic  electrodes  we  mean  disk-shaped  electrodes  with  diameters  of  the 
order  of  1  mm.)  We  have  used  the  template  method  to  prepare  ensembles  of  Au 
nanodisk  electrodes  where  the  diameter  of  the  Au  disks  are  as  small  as  10  nm. 

6.1.  Fabrication 

Using  the  electroless  Au  deposition  procedure,  Au  nanowires  are 

synthesized  witWn  the  pores  of  a  polycarbonate  track-etch  membrane.  In  addition, 
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both  faces  of  the  membrane  become  coated  with  thin  Au  films.  If  one  of  these 
surface  Au  films  is  removed,  the  disk-shaped  ends  of  the  Au  nanowires 
transversing  the  membrane  are  exposed.  These  nanodisks  can  be  used  as  active 
elements  in  an  ensemble  of  nanoelectrodes.  Figure  11  shows  a  schematic  of  such  a 
nanoelectrode  ensemble  (NEE).[14]  Electrical  contact  is  made  to  the  remaining 
surface  layer  which  acts  as  a  common  current  collector  for  all  the  nanoelectrode 

elements. 

A  consistent  problem  associated  with  nucro-  and  nanoelectrodes  is 
achieving  an  efiScient  seal  between  the  conductive  element  and  the  host  material. 
If  a  good  seal  is  not  achieved,  solution  can  creep  into  this  junction  resulting  in 
significantly  higher  values  of  the  background  or  double-layer  charging  currents.  In 
the  case  of  the  NEE,  the  polycarbonate  is  stretch  oriented  during  fabrication  to 
improve  mechanical  properties.  Upon  heating  above  the  glass  transition 
temperature  (-150  “C),  the  membrane  relaxes,  shrinks,  and  seals  the  junction 
between  the  Au  nanowires  and  the  polymer  membrane.  [14, 15] 

6.2.  Current  Response  of  the  NEE 

Two  different  electrochemical  response  limiting  cases  can  be  observed  at 
an  NEE,  the  "total  overlap"  and  "radial"  response.[14]  Which  limiting  case  is 
achieved  strongly  depends  upon  the  distance  between  the  electrode  elements  and 
the  time  scale  (e.g.,  scan  rate)  of  the  electrochemical  experiment.  When  the 
electrode  elements  are  in  close  proximity  and  the  scan  rate  is  relatively  low,  the 
diffusion  layers  at  each  electrode  element  overlap.  Figure  12(A).  This  overlap 
results  in  a  single  diffusion  layer  that  covers  the  total  geometric  area  of  the  NEE. 
Linear  diffusion  occurs  to  the  entire  NEE  surfece,  and  conventional  peak-shaped 
voltammograms  are  obtained.  Also,  the  total  faradaic  current  is  equivalent  to  that 
obtained  at  an  electrode  of  equivalent  geometric  area  whose  entire  surface  area  is 
Au. 
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If  the  electrode  elements  are  located  far  apart  and  the  time  scale  of  the 
experiment  is  relatively  &st,  the  difRision  layers  at  each  electrode  act 
independently  resulting  in  a  radial  difiiision  field  at  each  individual  electrode 
element.  Fig.  12(B).  The  votammogram  in  this  case  has  a  sigmoidal  shape,  and  the 
predicted  total  faradaic  current  is  equivalent  to  the  sum  of  the  current  generated  at 
each  individual  electrode  element  within  the  NEE. 

Figure  13  shows  a  series  of  SEM  images  of  NEEs  with  varying  average 
distances  between  the  electrode  elements.  [14]  The  NEEs  were  fabricated  fi’om 
polymer  template  membranes  with  different  pore  densities  but  similar  pore 
diameters.  Figure  14  presents  the  faradaic  response  of  an  electroactive  species 
[trimethylaminomethyl  ferrocene  (TMAFc*)]  at  each  of  these  NEEs.[14]  The 
NEE  with  the  highest  electrode  element  density  [Fig.  13(A),  Fig.  14(A)]  shows  a 
peak-shaped  voltammograms  indicative  of  the  total  overlap  response.  In  contrast, 
the  NEE  with  the  lowest  electrode  element  density  [Fig.  13(D),  Fig.  14(D)]  shows 
the  expected  sigmoidal  voltammogram.  The  other  two  NEEs  have  an  intermediate 
nanoelectrode  density  [Fig.  13(B,C),  Fig.  14(B,C)]  and  show  an  intermediate 
response. 

We  can  quantitatively  demonstrate  that  the  NEEs  in  Fig.  13(A,D)  are 
operating  in  the  total  overlap  and  radial  response  modes  by  comparing 
experimental  and  simulated  voltammograns.  Such  a  comparison  is  shown  in 
Figure  15.  The  simulated  voltammogram  in  Fig.  15(A)  is  based  on  the  reversible 
total-overlap  limiting  case,  and  the  experimental  voltammogram  is  the  same  as  Fig. 
14(A).[14]  The  quantitative  agreement  between  the  simulated  and  experimental 
voltammograms  confirms  that  the  NEEs  at  this  pore  density  and  scan  rate  are  in 
the  total  overlap  electrochemical  response.  It  is  important  to  point  out  that  there 
are  no  adjustable  parameters  in  this  simulation. 

The  simulated  voltammogram  in  Fig.  15(B)  assumes  a  single  100  nm 
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diameter  disk  electrode,  but  the  total  current  is  multiplied  by  the  number  of 
electrodes  within  the  geometric  area  of  the  NEE.  The  experimental 
voltammogram  is  equivalent  to  Fig.  14(D).  TTie  quantitative  agreement  between 
the  simulated  and  experimental  voltammgrams  proves  that  the  radial 
electrochemical  response  has  been  achieved  at  this  NEE.  Again,  there  are  no 
adjustable  parameters  in  this  simulation. 

6.3.  Detection  Limits 

A  possible  appUcation  of  these  NEEs  is  the  ultra  trace  detection  of 
electroactive  species.  We  have  recently  shown  that  NEEs  with  10  nm  diameter 
disks  operating  in  the  total  overlap  mode  show  electroanalytical  detection  limits 
that  are  three  orders  of  magnitude  lower  than  detection  limits  obtamed  at 
macroscopic  Au  disk  electrodes  of  comparable  geometric  area.[15]  This  occurs 
because  in  the  total  overlap  mode,  the  total  faradaic  signal  generated  at  the  NEE  is 
equivalent  to  that  obtained  at  the  conventional  macro  electrode  of  equivalent 
geometric  area.  However,  the  background  double-layer  charging  current  is 
significantly  less  because  these  currents  are  proportional  only  to  the  active  Au 
area.  The  ratio  of  active  area  to  geometric  area  for  a  10  nm  NEE  is  approximately 
0.001.[15]  As  a  result,  the  background  current  is  reduced  by  three  orders  of 
magnitude,  and  detection  limits  can  be  improved  by  three  orders  of  magnitude. 

An  example  of  this  enhancement  in  detection  limits  at  an  NEE  is  shown  in 

Figure  16.[15]  Fig.  16(A)  shows  voltammograms  at  a  conventional  Au 

macroelectrode  at  various  low  concentrations  of  TMAFc  .  As  expected,  the 

faradaic  signal  eventually  vanishes  into  the  double-layer  charging  currents  as  the 

concentration  of  TMAFc*  decreases.  Fig.  16(B)  shows  voltammograms  at  a  NEE 

with  10  nm  diameter  electrode  elements  and  a  geometric  area  equivalent  to  that  of 

the  macroelectrode  at  various  low  concentrations  of  TMAFc  .  While  the 

voltammograms  essentially  look  identical  to  those  obtained  at  the  macroelectrode, 
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the  concentrations  of  the  electroactive  species  at  the  NEE  are  three  orders  of 
magnitude  lower  than  those  for  the  macroelectrode.  The  detection  limit  at  the 
macroelectrode  was  determined  to  be  ca.  2pm  while  the  detection  limit  at  the  NEE 
was  ca.  2  nM.[15] 

Template  synthesis  has  been  shown  to  provide  a  simple  means  of  creating 
ensembles  of  nanoelectrode  ensembles.  These  NEEs  can  acWeve  electroanalytical 
detection  limits  that  are  three  orders  of  magnitude  lower  than  detection  limits 
obtained  at  conventional  macroelectrodes.  We  are  currently  investigating 
fabrication  processes  that  allow  the  use  of  NEEs  in  non-aqueous  solvents. 

7.  METAL  NANOTUBE  MEMBRANES 

We  close  our  discussion  of  metal  nanostructures  with  an  interesting  new 
type  of  membrane  consisting  of  Au  nanotubes  that  span  the  complete  thickness  of 
the  membrane.  We  have  previously  mentioned  that  by  controlling  the  electroless 
Au  deposition  time,  the  inside  diameters  of  these  tubes  can  be  controlled  at  will. 
We  recently  asked  the  question  —  can  tubes  with  inside  diameters  that  approach 
the  sizes  of  molecules  be  prepared,  and  if  so,  what  applications  might  exist  for 
such  nanotubule  containing  membranes. 

7.1.  Fabrication 

Typical  templates  used  to  prepare  the  metal  nanotubule  membranes  were  6 

pm  thick  polycarbonate  membranes  with  50  nm  pore  diameters  and  6x10*  pores 

cm*^.  Au  was  electrolessly  plated  onto  the  walls  of  the  pores  yielding  a  Au 

nanotube  within  each  pore.  Variation  in  the  plating  time  has  been  shown  to 

produce  Au  tubules  with  internal  diameters  ranging  from  34  to  1.4  nm.[16]  The 

diameter  of  these  Au  tubules  was  determined  from  measurements  of  gas  (He)  flux 

across  the  membrane.  [16]  Because  the  electroless  process  plates  on  the  membrane 

surface  as  well  as  within  the  pores,  electrical  contact  with  the  surface  allows 
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electrical  control  of  the  potential  inside  the  pores. 

7.2.  Ion-Selective  Membranes 

The  ion  transport  properties  of  these  Au  nanotubule-containing  membranes 
was  studied  using  a  U-tube  concentration  ceU  where  the  membrane  separates  two 
differing  aqueous  solutions,  Figure  17.[16]  In  an  initial  experiment,  differing 
concentrations  of  KCl  were  placed  on  each  side  of  the  membrane,  and  reference 
electrodes  were  inserted  into  each  solution  to  measure  the  membrane  potential 
(Em).  When  the  diameters  of  the  Au  nanotubules  approached  2  ran  or  less,  the 
membranes  displayed  near  ideal  cation-permselective  behavior,  i.e.,  these 
membranes  transport  cations  but  reject  amons.[16]  This  behavior  occurs  because 
Cr  adsorbs  strongly  to  Au,  and  as  a  result,  the  Au  tubules  have  an  excess  of 
negative  charge  (Cl*)  on  their  inner  surfaces.  This  causes  anions  to  be  excluded 

from  the  pores. 

Ion  permselectivity  can  also  be  controUed  by  directly  changing  the  potential 
appUed  to  the  Au  nanotubules.  For  this  work,  it  was  essential  to  use  an  anion  that 
does  not  adsorb  to  Au  because  we  wanted  to  control  the  charge  in  the  Au  tubes 
and  not  have  it  predetermined  due  to  excess  charge  from  counterion  adsorption. 
Because  F"  does  not  adsorb  to  Au,  KF  was  chosen  as  the  electrolyte.  The  U-tube 
assembly  was  used  again,  but  this  time  the  membrane  was  connected  to  the 
working  electrode  lead  of  a  potentiostat.  The  potential  applied  to  the  Au  nanotube 
membrane  varied  from  -0.5  to  +0.5  V  vs  Ag/AgCl.  The  membrane  was  placed 
between  solutions  of  10  mM  and  1  mM  KF,  and  Em  values  were  measured  at  each 
applied  potential. 

The  lines  at  the  top  and  bottom  of  Figure  18  are  the  Em  values  that 

would  be  achieved  if  the  nanotubule  membrane  showed  ideal  cation  and  ideal  anion 

permselectivity,  respectively.  At  negative  applied  potentials,  the  nanotubule 

membrane  shows  ideal  cation  permselectivity,  whereas  at  positive  applied 
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potentials  the  membrane  shows  ideal  anion  permselectivity.  This  selectivity  occurs 
because  at  negative  applied  potentials,  an  excess  negative  charge  is  present  on  the 
walls  of  the  Au  tubes.  This  results  in  exclusion  of  anions  from  the  tubes.  At 
positive  applied  potentials,  the  opposite  situation  occurs  -  cations  are  excluded 
and  anions  are  transported. 

For  any  combination  of  metal  and  electrolyte,  there  is  a  potential  called  the 
potential  of  zero  charge  (pzc)  where  there  is  no  excess  charge  on  the  metal.  At 
this  potential  the  nanotubule  membranes  should  show  neither  cation  nor  anion 
permselectivity,  and  £„  should  approach  0  mV.  Em  for  the  tubule-containing 
membrane  does  go  from  the  ideal  cation  permselective  value,  through  zero,  to  the 
ideal  anion  permselective  value.  Furthermore,  the  potential  at  which  Em 
approaches  zero  is  close  to  the  reported  pzc  (-4  mV).  [69] 

We  have  demonstrated  that  these  Au  nanotubule-containing  membranes 
can  be  cation  permselective,  anion  permselective,  or  nonselective  depending  on  the 
potential  applied  to  the  membrane.  These  membranes  can  be  as  permselective  as 
the  commercially  available  Nafion  polymer  and  should  have  applications  in  both 
fundamental  and  applied  electrochemistry.  Because  the  Au  tubules  have 
dimensions  on  the  order  of  molecular  sizes  and  are  quite  monodisperse,  we  have 
been  exploring  the  possibility  of  separating  molecules  based  upon  differences  in 
their  physical  dimensions. 

8.  SEMICONDUCTOR  NANOTUBXJLES  AND  NANOFIBERS 

Electrochemical  methods  have  been  previously  used  as  a  means  of 
depositing  semiconductor  materials  into  the  pores  of  a  template  membrane.  [27] 
However,  this  section  will  discuss  the  properties  of  semiconductor  tubules  and 
fibrils  synthesized  by  a  much  more  versatile  deposition  method,  sol-gel 
chemistry.  [26] 
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8.1.  Structural  Characterization 

Upon  the  confinement  of  a  semiconductor  to  nanoscopic  dimensions,  the 
first  two  questions  that  arise  are  can  we  see  evidence  for  quantum  confinement  and 
what  is  the  crystal  structure  of  the  material?  TiOj  fibrils  have  been  synthesized 
within  the  pores  of  both  200  nm  and  22  nm  pore  diameter  alumina 
membranes.[26]  The  sol-gel  fabrication  of  TiOz  fibrils  within  the  pores  of  alumina 
membranes  has  been  previously  described  in  sec.  2.4.  An  absorption  spectrum  of 
the  template  alumina  membrane  containing  these  fibers  showed  an  abrupt  increase 
in  absorbance  at  an  approximate  wavelength  of  389  nm.  This  corresponds  to  the 
band-gap  of  bulk  TiO2.[70]  This  suggests  that  the  diameter  of  these  fibrils  is  too 
large  to  see  evidence  for  quantum  confinement  in  the  absorption  spectrum.  We  are 
capable  of  preparing  alumina  template  membranes  with  pore  diameters 
approaching  5  nm  or  smaller.  Correspondingly,  we  are  currently  attempting  to 
prepare  fibrils  small  enough  to  provide  e^ddence  for  quantum  confinement. 

Electron  diffraction  has  been  employed  to  determine  the  crystal  structure  of 

the  template  synthesized  TiOj  fibrils.[26]  Figure  19  shows  a  TEM  image  of  22  nm 

diameter  Ti02  nanofibers  with  the  membrane  dissolved  away.  The  small  fibers  are 

arranged  in  bundles  which  can  contain  anywhere  from  2  to  10  or  more  fibers.  Fig. 

19(B)  shows  the  indexed  electron  diffraction  pattern  obtained  from  the  center  of 

the  fibril  bundle  on  the  left  side  of  the  main  feature  in  Fig.  19(A).  The  orientation 

of  the  images  are  the  same,  i.e.,  the  c*  axis  in  Fig.  19(B)  is  parallel  to  the  fibril 

bundle  axis  in  Fig.  19(A).  These  data  show  that  the  fibrils  are  highly-crystalline 

anatase-phase  Ti02,  with  the  c*  axis  of  the  anatase  oriented  along  the  long  axis  of 

the  fibril.  Small  fibril  bundles  throughout  the  sample  display  the  same  crystalline 

orientation;  i.e.,  the  reciprocal  lattice  direction  [110]  is  almost  always  parallel  to 

the  electron  beam,  and  the  c*  axis  is  along  the  fibril  axis.  We  have  concluded  that 

these  fibrils  crystallize  as  long,  prismatic  crystals  with  the  rare,  and  metastable, 
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anatase  mineralogical  orientation  [001]  with  {110}. [71] 

7.2.  Photocatalysis 

A  standard  application  of  Ti02  has  been  as  a  photocatalyst  for  the 
decomposition  of  organic  molecules.  [72-76]  This  is  a  surface  reaction  that  is 
thought  to  involve  absorption  of  a  UV  photon  by  Ti02  to  produce  an  electron-hole 
pair  which  reacts  with  water  to  yield  hydroxyl  and  superoxide  radicals.  These 
radicals  can  then  oxidize  the  organic  molecule.  Template  synthesized  Ti02 
structures  should  increase  the  Ti02  surface  area  and  correspondingly  increase  the 
decomposition  reaction  rates.  For  example,  TiC)2  fibrils  can  be  synthesized  within 
the  pores  of  a  60  pm  thick  alumina  membrane  with  200  nm  diameter  pores.  [26] 
The  Ti02  fibril-containing  membrane  is  attached  to  an  epoxy  surface,  and  the 
membrane  is  dissolved  away.  The  calculated  surface  area  of  the  immobilized  fibrils 
is  315  cm^  of  Ti02  surface  area  per  cm^  of  planar  geometric  area.  This  suggests 
that,  in  principle,  an  enhancement  of  315  in  the  catalytic  rate  of  organic 
decomposition  on  template  synthesized  Ti02  fibers  is  possible  versus  a  thin  film 
Ti02  catalyst.  Through  the  use  of  tubular  structures  and/or  template  membranes 
with  smaller  diameter  pores  (with  correspondingly  higher  pore  densities  and 
surface  area)  even  larger  increases  in  the  rate  would  be  predicted. 

We  have  studied  the  decomposition  of  salicylic  acid  over  time  on  an  array 
of  immobilized  Ti02  fibers.  Fig.  5(C),  with  exposure  to  sunlight.  Figure  20(A).  [26] 
The  upper  curve  follows  the  concentration  of  salicylic  acid  for  a  solution 
containing  no  Ti02  catalyst,  and  no  significant  decomposition  is  observed.  The 
small  increase  in  salicylic  acid  concentration  has  been  ascribed  to  the  evaporation 
of  water  during  the  exposure  to  sunlight.  The  middle  curve  follows  salicylic  acid 
decomposition  on  a  thin  film  of  Ti02,  and  the  bottom  curve  shows  a  marked 
increase  in  decomposition  of  salicylic  acid  for  the  template  synthesized  Ti02  fibers. 

The  decomposition  data  can  be  used  to  quantitatively  determine  the  rate  of 
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photodecomposition.  If  a  pseudo  first  order  rate  law  with  respect  to  the  salicylic 
acid  concentration  is  graphed  versus  reaction  time,  rate  constants  for  the 
decomposition  of  salicylic  acid  can  be  determined,  Fig.  20(B). [73,75-77]  The 
slope  of  these  lines  provides  the  decomposition  rate  constant.  The  thin  film 
catalyst  has  a  rate  constant  of  0.003  min'*  while  the  fibrilar  catalyst  shows  an 
increased  rate  constant  of  0.03  min'*.  This  order  of  magnitude  increase  in  reaction 
rate  is  much  smaller  than  the  315  times  enhancement  predicted.  This  is  not 
surprising  because  the  thin  film  TiOj  undoubtedly  has  some  degree  of  surface 
roughness  resulting  in  higher  surface  areas  and  higher  decomposition  rates  than 
predicted.  Also,  scanning  electron  microscopy  (SEM)  analysis  of  the  fibrilar  TiOj, 
Fig.  5(C),  shows  that  the  fibers  "lean"  against  each  other  possibly  shading  large 
portions  of  the  surface  fi-om  the  sunhght  resulting  in  lower  decomposition  rates 

than  predicted. 

This  section  has  shown  that  single  crystal  Ti02  fibrils  can  be  fabricated  via 
template  synthesis  and  sol-gel  chemistry.  Also,  due  to  the  increased  surface  area 
of  the  Ti02  fibril  array,  the  decomposition  rate  of  an  organic  molecule  increases. 
However,  this  prototype  fibrillar  catalyst  is  not  optimal.  We  are  currently  working 
on  processes  to  optimize  the  fibril  arrays  by  varying  the  fibril  diameter  and  aspect 
ratio  and  the  distance  between  the  fibrils.  We  are  also  exploring  additional 
applications  of  these  Ti02  nanofibers  including  electrochemistry,  battery  research, 
photoelectrochemistry  and  enzyme  immobilization. 

9.  CONCLUSIONS 

The  template  method  has  become  a  very  simple  yet  powerful  process  for 

the  synthesis  of  nanomaterials.  This  review  has  described  a  host  of  chemistries 

that  are  now  available  for  the  template  synthesis  of  a  wide  variety  of  nanomaterials 

including  metals,  polymers,  carbon,  and  semiconductors.  Applications  have 
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ranged  from  fundamental  optical  studies  to  ultra  trace  molecular  detection  to  high 
surface  area  catalysis. 

What  does  the  future  hold  for  template  synthesis?  From  a  fundamental 
viewpoint,  our  group  is  interested  in  fabricating  nanostructures  with  significantly 
smaller  diameters  in  order  to  further  explore  the  effects  of  size  on  the  properties  of 
materials.  We  are  also  developing  new  chemistries  so  that  tubules  and  fibrils 
composed  of  an  even  larger  variety  of  materials  is  available.  New  applications  for 
template-synthesized  nanomaterials  are  also  being  developed.  We  are  exploring 
applications  in  photocatalysis,  chemical  analysis,  bioencapsulation,  biosensors, 
bioreactors,  molecular  separations,  and  electronic  and  electrooptical  devices. 
Finally,  it  is  clear  that  if  practical  applications  are  to  be  realized,  methods  for  mass 
producing  template-synthesized  nanostructures  will  be  required. 
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FIGURE  CAPTIONS 


Figure  1.  Electron  micrographs  of  polycarbonate  (A  and  B)  and  alumina 
(C  and  D)  template  membranes.  For  each  type  of  membrane,  and  image  of  a  larger 
pore  membrane  is  presented  (A  and  C)  so  that  the  characteristics  of  the  pores  can 
be  clearly  seen.  An  image  of  a  membrane  with  extremely  small  pores  is  also 
presented  (B  and  D).  (A)  Scanning  electron  micrograph  (SEM)  of  the  surface  of 
a  polycarbonate  membrane  with  1  pm  diameter  pores.  (B)  Transmission  electron 
micrograph  (TEM)  of  a  graphite  replica  of  the  surface  of  a  polycarbonate 
membrane  with  30  nm  diameter  pores.  The  pores  appear  "ragged”  due  to  the 
artifact  of  using  a  graphite  replica.  (C  and  D)  TEMs  of  microtomed  sections  of 
alumina  membranes  with  70  nm  (C)  and  10  nm  (D)  diameter  pores. 

Figure  2.  Electron  micrographs  of  tubules  and  fibrils.  (A)  TEM  of  a 
microtomed  section  of  an  alumina  template  mebrane  showing  Au  nanofibrils  that 
are  70  nm  in  diameter  within  the  pores.  (B)  SEM  of  an  array  of  Au  microtubules. 

(C)  TEM  of  three  polypyrrole  nanotubules.  The  outside  diameter  is  ~90  nm;  the 
inside  diameter  is  ~20  -  30  nm. 

Figure  3.  TEM  showing  a  microtomed  section  of  a  Au  nanotubule- 
containing  membrane.  The  Au  tubules  are  the  black  rings.  The  elliptical 
appearance  is  caused  by  the  microtoming  process.  Pore  diameter  was  50  nm, 
plating  time  was  10  minutes. 

Figure  4.  SEM  images  of  carbon  tubules  (A)  and  fibrils  (B)  with  an 
outside  diameter  of 200  nm  prepared  in  an  alumina  template  membrane;  membrane 
was  removed  for  imaging  purposes. 

Figure  5.  SEM  images  of  Ti02  tubules  and  fibrils  prepared  in  an  alumina 

membrane  with  200  nm  diameter  pores.  The  sol  was  maintained  at  15  “C,  and  the 

immersion  time  varied  fi'om  5  to  60  seconds.  (A)  Immersion  time  =  5  sec.; 

32 


remnants  of  the  Ti02  surface  layer  can  be  seen  in  this  image.  (B)  Immersion  time 
=  25  sec.  (C)  Immersion  time  =  60  sec. 

Figure  6.  SEM  images  of  an  ensemble  of  Au  tubules  before  (A)  and  after 
(B)  CVD  deposition  of  the  outer  TiS2  tubules.  The  tubules  are  protruding  fi’om 
the  substrate  Au  surface  layer. 

Figure  7.  SEM  images  of  Ti02  nanotubules  prepared  by  sol-gel  methods 
before  (A)  and  after  (B)  filling  with  the  polypyrrole  nanowires.  Outer  diameter  of 
tubular  composite  is  200  nm. 

Figure  8.  SEM  image  of  the  surface  of  the  alumina  template  membrane 
(A).  (B)  The  carbon  tubules  obtained  after  dissolution  of  the  template  membrane, 
and  (C)  as  per  (B)  but  after  polymerization  of  a  PAN  tubule  within  each  carbon 
tubule.  (D)  After  electrodeposition  of  a  Au  nanowire  within  each  PAN  tubule. 
As  noted,  the  carbon/PAN/Au  composites  were  prepared  by  doing  the  appropriate 
chemistries  in  sequence  leaving  the  alumina  membrane  intact;  however  it  is  easier 
to  image  these  extremely  small  structures  by  dissolving  the  membrane. 

Figure  9.  Fabrication  procedure  for  Au  nanoparticle/alumina  composite. 
(A)  Ag  is  sputtered  on  one  side  of  the  host  alumina  membrane.  (B)  Membrane  is 
placed  sputtered  side  down  onto  a  glass  plate,  and  Ag  a  foundation  is  deposited 
electrochemically.  (C)  Au  is  electrochemically  deposited  onto  the  Ag 
foundations.  (D)  Ag  is  removed  with  nitric  acid. 

Figure  10.  Experimental  absorption  spectra  for  the  Au  nanoparticle 
containing  membranes.  The  spectrum  with  the  highest  absorbance  maximum  is  for 
the  membrane  containing  the  aspect  ratio  (length/diameter)  of  7.7.  Then  followed 
by  2.7, 1.3,  0.77,  0.54,  0.46  and  0.38  respectively. 

Figure  11.  Schematic  of  an  edge  view  of  a  nanoelectrode  ensemble.  The 

nanometal  fibrils  running  through  the  pores  of  the  template  membrane  are  shown. 

The  lower  ends  of  the  fibrils  define  nanodisks  which  are  the  electrodes.  The 
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opposite  (upper)  ends  of  the  nanofibrils  are  connected  to  a  common  metal  film 

which  is  used  to  make  electrical  contact  to  the  nanodisks. 

Figure  12.  Schematic  of  a  side  view  of  NEEs  and  the  corresponding 
difiusion  fields  for  the  total  overlap  (A)  and  radial  (B)  limiting  electrochemical 

response. 

Figure  13.  SEM  images  of  the  surfaces  of  NEEs  showing  the  disk-hke 
electrode  elements  prepared  fi-om  membranes  with  varying  pore  densities. 
Average  distance  between  pores  are  (A-top  left)  0.25  jim,  (B-top  right)  1.1  nm, 
(C-bottom  left)  3.5  pm  and  (D-bottom  right)  17.5  pm.  Diameter  of  electrode 

elements  are  100  nm  (A,D)  and  200  ran  (B,C). 

Figure  14.  Cyclic  voltammograms  (50  mV  s*^)  for  50  pm  TMAFc  in  5 
mM  NaNOj  for  NEEs  prepared  from  the  membranes  shown  in  Fig.  13. 

Figure  15.  Simulated  and  experimental  voltammograms  for  NEEs  prepared 
from  Fig.  13(A)  and  (D).  Scan  rate  and  solution  same  as  Fig.  14. 

Figure  16.  Cyclic  voltammograms  at  100  mV  s’*  in  aqueous  TMAFc  at 

(A)  a  gold  macrodisk  electrode  in  50  mM  NaNOs  and  (B)  a  10  nm  NEE  in  1  mM 
NaNOs.  TMAFc*  concentrations  are  as  indicated. 

Figure  17.  Schematic  of  aU-tube  concentration  cell. 

Figure  18.  Variation  of  Em  vwth  potential  applied  to  the  membrane  (1  mM 
KF  on  the  low  concentration  (1)  side,  and  10  mM  KF  on  the  high  concentration  (h) 
side  of  the  membrane;  tubule  radius  ~  1.1  ran).  The  potential  of  the  membrane 
was  controlled  with  a  potentiostat  vs  a  Ag/AgCl  reference  electrode  immersed  in 
the  side-h  solution.  Em  was  measured  with  the  membrane  under  potentiostatic 

control. 

Figure  19.  (A)  TEM  image  of  a  bundle  of  15  nm  diameter  TiOa  fibrils. 

(B)  Corresponding  electron  diffraction  pattern. 

Figure  20.  (A)  Photodecomposition  of  salicylic  acid  in  sunlight.  Data  for 
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no  photocatalyst,  the  thin  film  Ti02  photocatalyst,  and  the  fibrilar  (200  nm)  TiO: 
photocatalyst  are  shown.  (B)  First  order  kinetics  of  the  photodecomposition  of 
salicylic  acid  with  both  the  thin  film  and  fibrillar  Ti02  photocatalyst. 
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